This case report of two patients with
he cerebellum controls limb, posture, and eyehead coordination and may also be involved in nonmotor furictions such as cognition1 and a t t e n t i~n .~ Anterior lobe (paleocerebellum or spinocerebellum) and midline disease impairs lowerlimb coordination, equilibrium responses, and head and trunk synergy, whereas lateral lobe disease chiefly affects limb c00rdination.~-"terior and flocculonodular lobe lesions lead to oculomotor and balance impairments, with gait ataxia and functional limitations. Lesions of the flocculonodular lobe result in "central vestibular" symptoms because the peripheral vestibular system can be completely intact, but without cerebellar inhibition, integration of vestibular information is impaired."" Lesions of the vermis typically produce gait and trunk ataxia, with abnormalities of slow-phase eye movements." Oculomotor impairments caused by cerebellar dysfunction may include saccadic hypermetria, impaired smooth pursuit, increased vestibulo-ocular reflex (VOR) gains, impaired fixation suppression of the VOR, and nystagmus.S7 tivity during voluntary movement.14 The cerebellum also compares sensory information with motor output during voluntary movement and performs predictive compensatory modification of reflexes in preparation for movement. According to Ito,15 learned movements are either controlled o r triggered by processes occurring in the cerebellum. Horak and DienerI6 reported specific deficits in Anteroposterior (AP) center of gravity (COG) speed is on the vertical axis, and AP COG displacement is plotted on the horizontal axis during a 7-second standing trial. Note the widely diverging pattern in Figure 1 A, with a wide variance in both the speed and displacement of the COG, signifying an unstable movement pattern. Figure 18 , in contrast, is an example of a converging pattern with minimal varlance in the speed or displacement of the COG, signifying a stable movement pattern. A similar improvement in standing stability was also observed in this patient during standing with feet together and eyes closed before and after treatment.
the use of the central set to scale the magnitude of initial postural responses based on prior experience in patients with anterior lobe disorders. Because the cerebellum is considered to be crucial to motor learning, some people believe that patients with known cerebellar dysfunction may be less responsive to physical rehabilitation.
There is limited evidence that treatment programs improve function in patients with cerebellar dysfunction. Recovery after cerebellar lesions or disease in humans is poorly documented. These is, however, strong evidence of recovery after cerebellar lesions in experimental animals, which suggests that if the cerebelium is not totally destroyed, neighboring areas of the cerebellum can adapt or compensate for the impaired Possible mechanisms of recovery after central nervous system lesions may include neural sprouting, vicarious functions, functional reorganization, substitution, and plasticity.Ix
No studies have demonstrated changes in gait, balance, or locomotor function from exercise interventions for patients with cerebellar dysfunction. Rehabilitation of patients with acute cerebella^ dysfunction has included Frenkel's e x e r c i~e s ,~~) rhythmic stabilization,"' and the use of walking aids and weights." Kabat,") in 1955, described proprioceptive neuromuscular facilitation (PNF), including resistive exercises to help improve strength. coordination, endurance, balance, and gait, but no research studies of the efficacy of PNF for patients with cerebellar disorders have been reported. There is sparse evidence of successful treatment of chronic cerebellar dysfunction, and some clinicians regard this condition as refractive to treatment." In general, sehabilitation interventions for patients with chronic cerebellar dysfunction have, in the past, been restricted to conservative management (eg, maintaining range of motion) and cornpensation strategies (eg, recommending that patients increase their base of support or use assistive devices to improve or replace postural stability) .2:5
More recently, balance rehabilitation that increasingly challenges body stability have been ad~ocated,~~.~"ut most of the available treatment-related p u b l i c a t i~n s~' -~~ lack adequate intervention descriptions for replication as well as scientific controls. Balliet et aP4 were among the first investigators to describe lleuromuscular retraining methods for five patients with chronic cerebellar dysfunction and gait disorders. Treatment was based on the premise that the patients needed to reacquire proper motor control and associated balance through adaptation to increasingly demanding conditions. Therefore, upper-extremity use during balance and gait activities was minimized to facilitate independent balance control. Imp!-ovement in functional ambulatioil was often judged by the type of assistive device used, amount of upper-extremity weight bearing on the device, level of assistance required to ambulate, and maximum distance ambulated. All patients improved on all four variables. Brandt et a12"roposed similar treatment for ataxia by progressively increasing body instability to activate "sensorimotor rearrangement." In a case report, Sliwa et alT6 reported functional improvement following rehabilitation in a patient with paraneoplastic subacute cerebellar degeneration, but they provided no details about the treatment program.
In our case report of two patients, we describe a staged, home-based intervention approach that provides increasing challenges to body stability in standing and walking. The patients had different etiologies, durations, and clinical presentations of cerebellar dysfunction. The treatment program is based on recent ideas regarding balance rehabilitation suggesting that activities that acti\ate postural and neural control mechanisms may be most effective in achieving better overall postural control."-'* Such postural and neural control mechanisms may include the integration of sensory information or alternate motor control strategies to enhance postural stability. We report data regarding patient response to treatment in terms of patient self-report, clinical balance assessment, whole-body movement analysis, and posturography testing (when available).
The medical evaluation for each patient just prior to referral for physical therapy consisted of an examination by a neurologist and diagnostic testing as deemed appropriate by that neurologist. Each patient also undenvent a three-dimensional movement analysis in our biomotion I'lboratory. A whole-body kinematic and kinetic analysis of key standing and gait activities (ie, standing, free and paced gait, and walking in place at a pace of 120 steps per minute) was completed. The motion analysis is described in detail e l s e~h e r e .~" -~I Briefly, the system consists of an 1 1-segment. 66-degree-of-freedom wholebody (head, arms, trunk, pelvis, thighs, shanks, and feet) kinematic model; hvo force plates; and software to integrate the kinematic and kinetic data." Selspot I1 hardware* and a TRACKTM kinematic data-analysis software packaget are used to acquire and analyze the three-dimensional whole-body kinematic data. Floor rrac~ion forces are acquired from two Kistler platforms: and processed on the same computer as the kinematic data. Kinematic and kinetic data are sampled at 150 Hz and digitally filtered. The system accuracy is 5 Stability during the standing and gait tests is quantified in several ways, including (1) using the COG and center of pressure (COP) to calculate the maximum separation that occurs between the COG and COP (or the C O G COP moment arm") during gait tests, (2) standard time-distance variables, such as double-limb support time, speed, and base of support during gait, and (3) phase plane analysis33 of standing and walking in place. Briefly, a phase-plane analysis involves plotting a variable (eg, mediolateral COG displacement) against its first time derivative (eg, speed) .'? Stable COG standing motion has a converging phase plane, whereas unstable motion has a diverging phase plane (Fig. 1) . We use mathematical modeling (root mean square of the plot variance) to quantify the anteroposterior and mediolatera1 phase-plane plots, thereby permitting quantitative as well as qualitative analysis of the subjects' horizontal COG movement patterns during various activities. 33 Phase-plane analysis has been shown to discriminate between subjects with and without balance impairm e n t~.~~ The data collected during the whole-body movement analysis were collected as part of a larger pilot study aimed at identifying the kinetic and kinematic characteristics of postural control that change after rehabilitation. Thus, this information was not used for treatment planning purposes in the following case report of the two patients but is reported for descriptive purposes.
Patient I--Cerebellar Dysfunction After Removal of a Cerebellar Tumor
History A 36-year-old left-handed woman was referred for physical therapy. She complained of experiencing dizziness and unsteadiness 7 months following surgical resection of a recurrent pilocystic cerebellar astrocvtoma. Six vears previous to the surgery, she had seiere headaches and hydrocephalus. A cerebellar tumor was identified. Following resection of the tumor, she was back at work within 8 weeks. Five years later, as a result of recurrence of the tumor, the patient had repeat surgery (debulking of residual grade I glioma located in the middle and superior cerebellar vermis and extending to the floor of the fourth ventricle) (Fig. 2) . Two months after the resection, she received radiation therapy for 1 month. During radiation treatment, she developed hearing loss, which was worse on the left side. After the second surger)., she noted problems with unsteadiness and dizziness. Her sensation of dizziness worsened following the radiation therapy and was aggravated by head movements. She also reported an unsteadv "drunk" sensation. She had moderate dysarthria. A 2-month trial of dexa-methasone (4 mg/d), initiated subsequent to radiation therapy to alleviate symptoms of dizziness and unsteadiness, was not effective and was gradually tapered.
The patient lived with her husband. She stopped working as a teacher following the second surgery due to hearing loss, dizziness, and unsteadiness. Due to difficulty with blurred vision during side-to-side head movements, she was not able to drive during the 7 months between surgery and the initiation of physical therapy. She was independent with basic activities of daily living but experienced increased dizziness and unsteadiness in crowded areas such as malls and supermarkets. The patient reported that she ambulated outdoors only when accompanied by her husband because of instability and difficulty crossing streets.
Prerehabilitation Findings
Four days prior to the patient's first appointment for physical therapy, she was examined by a neurologist. The patient told the neurologist that she had resolving left-sided weakness, impaired hand coordination, dizziness, and postural unsteadiness. The neurologist found the patient to be alert and cooperative. Her speech was fluent but mildly dysarthric. Extraocular move- Hz, which suggested to 11s that she had difficulty with VOR-mediated gaze fixation at these speeds of head movement.
Sensations of the frequencv and intensih of dizziness were evaluated using a standardized questionnaire. T h e patient reported that dizziness was present for some part of every day at a 5/ 10 intensity (10 being the highest level of dizziness imaginable). Dizziness increased with head movements in a sitting or standing position and with attempts to focus on objects when walking. The sensation of disequilibrium was present daily at a 7/10 intensity. The patient scored 88 out of a possible 100 on the Dizziness Handicap Inventory (DHI),"Qeporting problems in eight out of nine items related to functional activities, in all seven items related to physical activities, and in eight out of the nine items related to emotional health (Tab. I ) . The DHI, originally devised to measure perception of handicap in individuals with benign paroxysmal positional vertigo, is used routinely in our clinic for patients with dizziness or balance problems to document perception of handicap related to the dizziness or balance problems.
For both patients, balance during standing and walking was evaluated using a standardized protocol that has been in place at our clinic for 5 years. Both patients were evaluated and treated by the same physical therapist. Balance assessment focused on evaluating each patient's sensory and motor organization aspects of postural control as well as automatic postural responses. These tests were selected based on the patient's neuropathology and history, and the need to identi9 (for treatment planning purposes) the underlying aspects of postural control that were most problematic for each patient. In standing and walking, the patient had a tendency to be positioned posteriorly (ie, weight appeared to be shifted over the heels). She could stand with feet together and eyes closed for 60 seconds (measured with a digital stopwatch). When she was asked to maintain balance in that position and turn her head from side to side at a pace of 60 beats per minute (paced with an audible metronome), balance could be maintained for 60 seconds with a marked increase in postural sway. She was able to maintain standing balance on a 7.62-cm (3411) compliant cushion with eyes open for 30 seconds and with eyes closed for 3.4 seconds, suggesting that she closed, suggesting difficulty with postural control when visual inputs were removed and she needed to maintain her COG ovcr a narrow base of support. Increased postural sway in the posterior direction was observed during all standing balance tests, especially when the base of support was narrowed or when visual cues were removed. This finding suggested to us that she may have had difficulty selecting appropriate sensory input for postural control. Stepping strategies (taking a step to regain balance) were delayed in response to unexpected perturbation or release in the anteroposterior direction.
The timed "up and go" test"" (performed over a 12.2-m [40-ft] walkway) was completed in 14.34 seconds without the use of an assistive device. The patient's gait appeared to be steady, and she slowed down during a 180-degree turn. Walking with eyes closed over a 6.1-m (20-ft) walkway was performed in 5.6 seconds, but with three crossed stepsA (one foot crossed over the other or a stagger to the side), suggesting difficulty with postural control during gait when visual inputs were removed. She was able to perform tandem gait with eyes open for only two steps but was unable to perform this task with eyes closed, suggesting difficulty with postural control during gait when the base of support was narrowed and the COG needed to be maintained within a smaller area. Walking over a 6.1-m walkway turning her head from side to side every third step was performed in 7.02 seconds, but with nvo crossed steps, suggesting difficulty integrating inputs related to head movements with other sensory inputs during this activity.
The patient's goals for rehabilitation included being able to drive and walk outdoors independently. She also hoped to decrease her sensation of dizziness during head movements so that she could become comfortable in crowded areas and be able to participate more in social activities.
Rehabilitation
The balance rehabilitation program designed for this patient was based on the following interpretation of the patient's condition:
1. Her impaired postural stability was related to cerebellar clysfunction resulting from pathology of the midline cerebellum. Even though she did fairly well on most of the balance tests, she exhibited increased postural sway during the tests, which could reflect difficulties with selecting appropriate sensory information for postural cont.ro1. The practice of increasingly demanding balance and gait activities may help improve the patient's ability to select and use visual, somatosensory, and vestibular inputs more effectively to minimize her unsteadiness. Improved steadiness may decrease her perception of disequilibrium and improve her ability to control the COG.
2. She was most dependent on visual and somatosensory cues for her standing balance, and she demonstrated an inconsistent ability to use vestibular information for postural control in situations in which visual and somatosensory information were less available than vestibular inputs. For example, she was unable to stand on foam with eyes closed for more than a few seconds and, during posturography testing, had difficulty standing on a swayreferenced platform with eyes closed (Fig. 3 ), a testing situation in which vestibular inputs are primarily available for postural control. She was able, however, to stand on a sway-referenced platform with a sway-referenced visual surround (although she demonstrated excessive sway on the initial trial), a testing situation in which visual inputs are thought to be critical to resolve the imposed sensory conflict. Her vestibular function tests showed normal peripheral vestibular function. The vestibular system is modulated centrally by the cerebellum." The cerebellum pathology, therefore, is the likely cause of this patient's inability to consistently use vestibular inputs effectively.
3. Her delay with stepping strategies (taking a step to regain balance) during perturbation testing (quickl!. pushing the patient's COG outside the base of support) in the clinic may be consistent with the scaling problems (matching the magnitude of the response to the displacement) seen in patients with cerebellar dysfunction. 16 For example, her delay in stepping backward with posterior perturbations may be due to an initial hypermetric (or exaggerated) response to the pertllrbationl-' (which presumably would occur in the tibialis anterior muscles), causing her COG to move anteriorly. The antagonist muscles may then contract (in a hypermetric manner as well),'" causing a posterior displacement of her COG and perhaps leading to taking a step. The repetition of balance and gait activities may help her to better utilize somatosensory feedback to scale (or match) the magnitude of these postural responses.Ib 4. Her impaired gaze stabilization during functional activities was related to her cerebellar dysfunction. Because patients with cerebellar dysfunction can use vision to help achieve postural stability," we believe that it is important to try to improve gaze stability to improve stability during gait and other activities of daily living that typically require head movement. Her impaired gaze stability may be related to either her VOR function or her inability to suppress her VOR. Therefore, activities that help the patient use alternative strategies for gaze stabilization (eg, using cervical inputs during head movements via the cervico-ocular reflex) as well as practice suppressing the VOR may be helpful.
Our balance rehabilitation treatment program for this patient consisted of the standing balance and gait exercises and activities outlined under phase 1 through phase 3 in Table 2 . She performed phase 1 of the program during the first 2 weeks, phase 2 during weeks 3 and 4, and phase 3 during weeks 5 and 6. In addition, she performed eye-head coordination exercises to help improve gaze stabilization during side-to-side head movements (Appendix, page 552). A brief explanation of the rationale for each activity in the treatment program is included in Table 2 . The patient attended weekly 30-to 45-minute physical therapy sessions, during which her status was reassessed, she participated in eye-head coordination exercises as well as gait and balance activities, and she was instructed in progression of her home program. She had no difficulty with weekly progression of her home exercise program. She was instructed to perform the exercises at least once daily at home and to note the exercises completed, number of repetitions, and any difficulties experienced using a standard adherence tool in use at our clinic. She completed daily exercise logs, indicating that she was adherent to the home program on a once-per-day basis 5 out of 7 days per week over the &week course of treatment. The home program took her 30 to 40 minutes to complete.
After 6 weeks of treatment, she was reevaluated in the Repeat ENG and posturography tests were also moment arm; for these items, improvement reflects an ir~crease in thcsc performed.
Postrehabilitation Findings
values.
' Whole-body COGCOP maximum moment am1 is the difference between the body's COP and COG in the diagonal (combincd anteroposterior and mrdiolateral) direction. A larger whole-body moment arm indicates that a -At the conc~usion of the &week treatment program, this state of less biomechanical stability is allowed to occur during the activity; that the patient allows (he overall moment arm to get larger during an activity patient' a decrease in and (and does not fall) signifies a higher level of overall balance control.^" A 10% disequilibrium. She now felt unsteady only occasionally improvement in whole-body COGCOP maximum moment arm has been (ie, up to three times per week) at an intensity of 5/10 (compared with 7/10 prior to rehabilitation). There was no change in the frequency or intensity of dizziness. She scored 72/100 on the DHI (compared with 88/100 at the initial visit), reporting improvements in two physical activities, in two functional activities, and in three areas of emotional health that were reported to be problematic at the initial visit (Tab. 1). No items on the DHI were reported to be worse. The patient was now able to drive and walk outdoors independently. Balance assessment revealed no change in the ability to perform standing on foam with eyes closed or unilateral standing with eyes closed. Performance on other standing balance measures also remained the same, but there was a consistent decrease in the amount of postural sway observed. There was no change in the timed "up and go" test. Walking with eyes closed was performed in 5.39 seconds, but with three crossed steps (slightly faster). Tandem gait with shown to rcpresent a statistically significant and functionally meaningful difference in individuals with balance i~l~p a i r m e n t s .~~ " hlediolateral COGCOP maxi~nunl momerlc arrr~ is the diffcrence h e b e e n the body's COP and COG in the rnediolateral direction. A smaller maximum moment arm in the mediolateral direction during activities in which the body's COG and COP are ~noving antcriorly (eg, walking forward) indicates that the individual is more stable and walking with a less variable base of support.
'Anleroposterior COG phase plane is a measure of the variance of the COG Repeat ENG, sinusoidal axis rotation, and visual vestibular interaction testing showed no change when compared with testing done prior to rehabilitation. Repeat posturography testing indicated that she was able to maintain balance with normal equilibrium scores on all six test conditions (Fig. 4) , thereby showing an improvement in her ability to stand on a sway-referenced platform with eyes closed.
The three-dimensional movement analysis revealed several changes indicative of improved postural stability (Tab. 3). During preferred pace (or free) gait, speed increased while base of support decreased, indicating that the patient moved more quickly and with a narrower base of support during gait. During paced gait (ie, when the speed of gait was controlled), double-limb support time and base of support decreased, implying that the padent walked in a more stable manner. The whole-body maximum COGCOP moment arm increased (whereas it decreased in the mediolateral direction) during both free and paced gait, implying a higher level of stabiliThe COG phase-plane measure during semitandem standing improved (Fig. I ) , indicating that the patient had better control of her COG displacement and speed during these task^.^"^"
Patient 2--Cerebellar Dysfunction Due to Cerebrotendinous Xanthomatosis
History A 48-year-old right-handed man was referred for physical therapy with a diagnosis of cerebrotendinous xanthomatosis (CTX) resulting in balance and gait instability. Cerebrotendinous xanthomatosis is a rare autosomal recessive disorder of lipid metabolism (deficiency of liver mitochondria1 enzyme required for oxidation of cholesterol to bile acids), characterized by elevations in cholestanol and cholesterol that deposit in tendons, peripheral tissues, in the spinal cord, and centrally in the ~e r e b e l l u m .~~ Major clinical manifestations include progressive cerebellar ataxia, subnormal intelligence, tendon xanthomas, cataracts, dementia, and limb paresis due to spinal cord pathology. 40 The onset of this progressive neurodegenerative disease typically occurs in 3 years prior to referral for physical therapy showed cerebellar atrophy, calcification in the dentate nuclei of the cerebellum, and widening of the prepontine region consistent with brain-stem atrophy (Fig. 5 ). Trace to mild mitral regurgitation, with prolapse of both mitral leaflets, was shown on an echocardiogram. Carotid ultra--sounds were normal. Electromyography showed no definitive electrophysiologic evidence of sensorimotor neuropathies. He lived with his mother and a younger brother, who also had CTX. He stopped driving a few years ago dur to progressive visual problems related to his cataracts. He was employed as a materials handler in an industrial company but stopped working 2 years prior to his referral for physical therapy, at which time he applied for disability due to his visual problems and increasing difficulty with standing balance and walking.
Prerehabilitation Findings
A neurologist who examined him 2 months prior to his referral for physical therapy found him to be pleasant, talkative, and oriented to person, place, and time. There was mild dysarthria and decreased hearing on the right side. Extraocular movements and pursuit tracking were normal in all directions. There was a mild lateral gaze nystagmus on far excursion bilaterally. Lipid deposits measuring approximately 8 x 10 cm were present on both Achilles tendons. Deep tendon reflexes were brisk ( 3 f ) bilaterally in the upper extremities, normal ( 2 f ) at the knees, and diminished (1 +) at the ankles. Babinski testing was normal bilaterally. Motor exa~nination (performed with resisted isometric muscle testing of all muscle groups) revealed normal and symmetric upperand lower-extremity strength. There was mild dysmetria in the left upper extremiv. There was 110 evidence of dystonia or choreoathetosis. Light touch, temperature, and proprioception were intact in all limbs. Vibration sense was mildly decreased in the toes and ankles bilaterally. The patient was able to walk independently without an assistive device, but his gait was wide-based (approxi~nately 51 cm 120 in]) and appeared to be unsteady and stiff. Turns during gait were made very slowly and without rotation of the trunk. He was unable to perform tandem gait. Previous neuropsychological testing indicated that he was mildly retarded, without language or aphasic difficulties. The patient's neurologic examination findings were unchanged compared with the findings of an examination done 6 months earlier.
During the initial physical therapy examination, the patient was able to follow two-step commands but was easily distracted. Active range of motion in the upper and lower limbs was normal except for ankle dorsiflexion, which was limited to 0 degrees bilaterally (with the knee extended). Manual muscle testing of the upper and lower extremities was normal (5/5) for all muscle groups. Heel-to-shin movements were slow but accurate bilaterally. Finger-to-nose and rapid alternating movements of the upper extremity were slow and slightly dysmetric on the left side. The patient's sensation of light touch and proprioception were intact in both lower extremities.
The patient did not report any sensation of dizziness (eg, feelings of spinning or light-headedness). He reported the sensation of disequilibrium (eg, as if he might fall) approximately two or three times per week (when standing or walking) at an intensity of 6/10. A DHI was not completed due to the patient's cognitive limitations and his inability to distinguish problems related to his dizziness and balance from his visual problems. He was able to go csutdoors independently, and he routinely spent 2 to 3 hours each day visiting friends. He reported feeling the need to be cautious when he was outside alone due to his gait instability and as a result decreased his walking speed and distance. He did not routinely help with household tasks but was able to help with cleaning and laundry. He found going outdoors to be particularly difficult during the winter months. As a result, he restricted walking outdoors in the winter and would go out only if he had transportation.
The patient demonstrated a forward-bent posture during standing and walking. He stood with a 20.3-cm (8-in) base of support. He said that he felt that he was steadier in this position as compared with when his feet were closer together. He was able to stand erect in response to verbal cues; however, he reported feeling unsteady and experienced the sensation of falling backward. The patient could stand with feet together and eyes closed for 19 seconds. When he was asked to maintain balance in that position and turn his head from side to side at a pace of 60 beats per minute, balance could be maintained only for 7 seconds. This finding suggested to us that the patient had difficulty when inputs related to head movement needed to be integrated simultaneously. He was able to maintain standing balance on a '7.62-cm compliant cushion with eyes open for 30 seconds and with eyes closed for 11 seconds, suggesting difficulty with postural control when vision was removed and somatosensory inputs were altered. He was unable to perform tandem standing with eyes open, suggesting difficulty maintaining the COG over a narrow base of support. He could stand on one leg for 1.5 seconds with eyes open but was unable to d o so with eyes closed. This finding suggested to us that the patient had difficulty maintaining the COG over a narrow base of support even when visual inputs were available. A marked postural sway in the anteroposterior direction was observed during all standing balance tests, especially when the base of support was narrowed.
The timed "up and go" test (performed over a 12.2-m walkway) was completed in 18 seconds without the use of an assistive device. His gait appeared to be steady, although he slowed down during the 180-degree turn. Walking with eyes closed over a 6.1-m walkway was performed in 10 seconds, but with two crossed steps, suggesting difficulty with postural control during gait when vision was removed. He was unable to perform tandem gait with eyes open or closed. This finding suggested to us that the patient had diaculty maintaining the COG over a narrow base of support during gait even when visual inputs were available. Walking over a 6.1-m walkway while turning the head from side to side every third step was performed in 9 seconds, but with two crossed steps, suggesting that the patient had difficulty integrating vestibular inputs from head movements during walking. Gait on a 2.54cm (I-in) foam walkway was steady and performed in 4 seconds with eyes open. Stepping strategies were markedly delayed in response to a sudden perturbation (a quick, high-speed push on the sternum to move the COG outside the base of support) or release (an unexpected removal of pressure from the sternum) in the posterior direction. The patient's goals for rehabilitation included being able to walk outdoors for 4.8 km (3 miles) with a steadier gait, improved posture, and decreased risk and fear of falling.
Rehabilitation
The balance rehabilitation program designed for this patient was based on the following interpretation of his condition:
1. His primary problem of impaired postural stability was related to his cerebellar dysfunction. The pathology causing his cerebellar dysfunction was presumed to involve diffuse regions of his cerebellum rather than a specific area. Patients with cerebellar degeneration tend to have increased anteroposterior sway in standing with eyes open or closed when cornpared with individuals without cerebellar dysfunction, but they are able to use vision to decrease their unsteadiness.37 This patient's postural sway did not appear LO decrease even when his eyes were open during clinical balance testing (eg, standing with feet together or on foam), suggesting that he may not be using vision effectively to help decrease his unsteadiness. He may have difficulty using vision effectively for postural control due to his impaired visual acuity related to his cataracts. This patient may benefit from balance retraining that focuses on improving his use of visual cues for postural control.
2. He was not effectively using vestibular information for postural control in situations in which visual and somatosensory informati011 were less available than vestibular inputs, as noted by his performance during balance testing (eg, standing on foam with eyes closed, walking with eyes closed). This finding was presumed to reflect abnormal integration of sensory information in the cerebellum and to be related to his cerebellar dysfunction. 3. His difficulty with stepping strategies, supported by his performance during clinical testing with perturbation tests, may be consistent with scaling problems seen in patients with cerebellar dysf~nction.'~ Alternately, it could be due to his inability to maintain balance (ie, control his COG) while standing on one leg. Repetition of specific balance and gait activities may help him to better utilize somatosensory feedback for scaling the magnitude of his postural responses. 4 . His decreased ankle range of motiorl was related to decreased flexibility of his plantar-flexor muscles bilaterally and could contribute to his impaired postural responses (eg, inability to perform tandem standing or one-legged standing). Active stretching exercises, therefore, were included in the treatment program.
The balance rehabilitation treatment program received by the patient consisted of the standing balance and gait activities outlined under phase 1 through phase 3 in Table 4 . The patient performed phase 1 of the program during the first 2 weeks, phase 2 during weeks 3 and 4, and phase 3 during weeks 5 and 6. A brief explanation of the rationale for each activity in the treatment program is included in Table 4 . In addition, he was given exercises to stretch the anklr plantar flexors to help improve or preserve ankle range of motion. The patient had no difficulty tolerating progression of the exercises during weekly 30-minute physical therapy sessions. He was instructed to perform the exercises at least once daily at home and to note the exercises completed, number of repetitions, and any difficulties experienced using a standard adherence tool in use at our clinic. Due to evidence of slight cognitive impairments, his mother eyes closed with head rotation (17 seconds compared with 7 seconds). H e improved in his ability to maintain balance with eyes closed on foam (21 seconds compared with 11 seconds). Tandem standing with eyes open could be performed for 5 seconds (as compared with 0 seconds); standing on one leg with eyes open could be performed for 3 seconds (as compared with 1.5 seconds). There was n o change in his ability to stand on one leg with eyes closed. The timed "up and go" test was performed in 14 seconds (19% faster). Gait with eyes closed was performed 11% faster, with only one crossed step. The patient was able to perform tandem gait for three steps (compared to n o steps before) with eyes open but was still unable to do tandem gait with eyes closed. Walking with head rotation was performed 19% faster, with no crossed steps (compared with two steps before). Walking on a foam walkway was performed 43% faster. Stepping strategies now appeared to be only minimally delayed in response to sudden perturbation or release in the posterior direction.
Several changes indicative of improved postural stability were shown with he three-dimensional movement analysis (Tab. 3). During free gait, walking speed increased while base of support decreased, indicating that the patient supervised his assigned home exercise program, which walked faster with a more narrow base of support. took 30 minutes to complete. The patient conlpleted During paced gait, double-limb support time and base of daily exercise logs, indicating that he was adherent to the support decreased, further suggesting that the patient home program 4 out of ' 7 days per week on a once-perwalked in a more stable manner. The whole-body maxiday basis over the &week course of treatment. After 6 mum COGCOP moment arm increased (whereas it ~e e k s of treatment, he was reevaluated in the clinic and decreased in the mediolateral direction) during free and in the biomotion laboratory using the same measures as paced gait, implying a higher level of stability.3u.aR those used during the initial assessment.
Discussion ~ostrehabilitation Findings
Both patients demonstrated improvements in postural At the conclusion of the &week treatment program, the stability and function while reporting improvements in patient reported a decrease in both the frequency and their perception of disequilibrium following indiintensity of his disequilibrium. He reported the sensavidually designed programs of physical therapy. tion of disequilibrium only occasionally (approximately Although there were some similarities in the patients' one time per week), and the intensihi was reduced to responses to treatment, there were important differ-3/10 (from 6/10 initially). He was able to walk for ences between these two patients. This discussion will 4.8 km several times per week, with less fear of falling.
address two important questio~ls: (1) Why did the NO falls had occurred. There was no change in ankle patients have different responses to treatment, as indirange of m o t i o~~. Balance assessment revealed improvecated by varied performance results on test measures? ments in his ability to stand with feet together with eyes and (2) ~f the treatment programs were related to the closed (60 seconds compared with 19 seconds) and with The patient with the recurrent resected cerebellar tumor (initially diagnosed 6 years prior to the initiation of physical therapy) reported problems with dizziness and unsteadiness only ' 7 months prior to starting physical therapy. Therefore, her problems were relatively recent in onset, and she was in thc subacute phase of recovery. In contrast, the patient with CTX reported progressively worsening problcms with unsteadiness over 10 years. The patient with the ~esccted cerebellar tumor may, therefore, have a greater potential for residual spontaneous rccovery even though her symptoms were stable during the 7 months prior to referral for physical therapy.
Another important consideration is the difference in neuropathology between the two patients. In the patient with cerebellar tumor resection, the middle and superior vermis was predominantly affected (Fig. 2) and her furlctional problems were predominantly related to gait ataxia, consistent with a lesion in the vermis. In the patient with CTX, there was evidence of diffuse cerebellar atrophy, suggesting involvement of the spinocerebellum (both the vermis and intermediate zones of the hemispheres), the cerebrocerebellum, and the vestibulocerebellum (Fig. 5 ). In addition, there was CT scan evidence of involvement of the dentate nuclei (Fig.   5 ). Lesions of the deep cerebellar nuclei (such as the dentate nucleus) typically produce symptoms that ar-e more severe than those seen with disorders restlicted to the cortex.41 This patient's clinical signs and symptoms, however, suggested greater involvement of the spinocerebellum. This patient did not have for-ma1 testing (ie, vestibular function tests) to examine central and peripheral vestibular pathways; therefore, involvement of the vestibulocerebellurn cannot be ruled out.
Why might postural stability have improved in both of these patients? Bronstein et a1" showed that although patients with cerebellar dysfunction swayed more than individuals without cerebellar dysfunction during tests with eyes open, with eyes closed, and with visual stimulation, they retain the ability to use vision to control much of their unsteadiness. Furthermore, these investigators found that on repeatedly moving the visual surround, the patients were able to suppress the destabilizing effect of visual stimuli, demonstrating the ability to adapt their responses and switch reliance to vestibuloproprioceptive-postural l0ops.3~
The patient with the resected cerebellar tumor did fairly well on balance measures at initial evaluation and therefore deinonstrated minimal posttreatment changes on timed balance measures. This finding may have occurred because the patient underwent adaptation or spontaneous recovery prior to referral for physical therapy. Other considerations are that this patient was younger than the patient with CTX and that she may have already learned to use vision to control much of her unsteadiness.
Her posttreatment posturography findings demonstrate her improved ability to integrate and nse appropriate vestibular informatiori in the absence of visual and somatosensor) information. Wliy she did not improve in her ability to maintain balance while standing with feet together and eyes closed on compliant foam is unclear. This is a clinical test that is designed to simulate (to some degree) the same condition on which she improved during posturography testing. Perhaps standing on a foam surface serves more to distort than to reduce somatosensory input (such as occurs during posturography testing), making it a more difficult task for this patient. In contrast to the patient with CTX, this patient showed marked improvement in her ability to control COG speed and displacement in semitandem standing (Fig. 1) . A decreased postural sway was also evident in the anteroposterior direction during assessment of the same standing posture. These findings indicate that time-based measures alone may not be adequate to acc~~rately detect changes in postural stability in a patient such as this one, whose initial assessment revealed minimal deficits in performance.
The patient with CTX showed marked improvement in his ability to maintain balance with eyes closed on a firm surface both with and without head movements. This finding implies that the patient may have become better trained to use somatosensory inputs for postural control. 3 ) , despite their initial differences in performance and abilities. Briefly, free gait speed increased, whole-body COGCOP maximum moment arm increased (whereas COGCOP maximum moment arm in a mediolateral direction decreased), and the base of support decreased. When the speed of gait was controlled, the improvements demonstrated in base of support, double-limb support time, and mediolateral COG-COP maximum moment arm were of similar magnitude for the two patients.
Horak and Deinerl" have suggested that the anterior lobe of the cerebellum in humans is not critical for normal latencies or for spatial or temporal timing of multisegmental agonists and antagonists of automatically triggered postural responses. The anterior lobe, however, appears to be critical for accurately tuning the magnitude (or scaling) of postural responses based on immediate prior experience. Use of speed feedback to scale the magnitude of postural responses is not impaired in patients such as those studied by Horak and Diener, who had various types of cerebellar dysftinction but all involving some portion of the anterior lobe.'" Horak and Diener concluded that patients with anterior cerebellar lobe dysfunction appear to compensate for the abnormal scaling of hypermetric agonist responses by using somatosensory feedback to adjust the magnitude of later-occurring antagonist responses to the speed and amplitude of actual postural displacement. Both patients described in our case report had some involvement of their anterior cerebellar lobes, although neither patient had exclusive anterior lobe pathology.
The physical therapy program for both patients included activities in standing and during gait that would challenge their postural stability (eg, standing or walking wth a narrow base of support with eyes open and closed), thereby inducing a movement strategy in response (eg, multisegmental sway, ankle sway). These experiences were probably instrumental in i~nproving both patients' ability to effectively use somatosensory feedback for modifying the magnitude of postural responses rather than relying on prior experience or central set. This theory might also explain why both patients did better on the perturbation tests. An unexpected perturbation in the posterior direction, for example, produces an initial posterior perturbation, and the patient then has to return the COG to a more central point to stay erect or take a step if the COG has rnoved outside the base of support. Patients with cerebellar dysfunctiorl have hypermetric responses to unexpected perturbations, causing them to sway more and for a longer time before returning to an equilibrium point (Bortolami SB, Wernick M, Krebs DE; unpublished research). After treatment, both patients appeared to have more timely stepping strategies when challenged with a large unexpected perturbation, suggesting that they were better able to scale the magnitude of their postural responses. Further research, including electromyographic analysis of muscle activity during perturbation tests, is necessary to determine whether this is true.
Summary
After participation in individually designed, staged programs of physical therapy, two patients with different cerebellar pathologies demonstrated improvements in symptoms, postural stability, and function, as indicated by self-report and three-dimensional movement analysis of gait activities. One patient did not demonstrate changes on time-based clinical tests but showed improvemerits on kinematic and kinetic variables measured during three-dimensional movement analysis of standing tasks. This finding indicates that time-based measures may not be comprehensive in detecting improve~~lent in postural stability for all patients. We believe that it is unlikely that improveme~~ts in performance noted could be attributed to practice of the tasks, because the threedimensional movement analysis of the gait activities included activities that were not performed as part of the treatment program (ie, paced controlled gait). Whether the trends in improvement described for these two patients using whole-body movement arlalysis represent trends that characterize other patients with similar pathologies cannot be determined. These conclusions can only be made after studying a large group of patients in a more controlled manner. The similarities in the two patients' responses to treatment emphasize that patients with cerebellar lesions, acute or chronic, can learn to improve their postural stability. Therefore, if the cerebellum is not totally destroyed, adaptation or compensation for the impairments produced appears to occur, perhaps in a neighboring area of the cerebellum or in another part of the brain. Further research is necessary to investigate the effectiveness of this treatment approach for patients with cerebellar dysfunction and to further understand the strategies used by persons with balance impairments to improve their postural control.
